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Purpose: We wanted to characterize the immediate effect of endarterectomy on flow of the 
arteries composing the extracranial carotid artery system. 
Methods: Transit time ultrasound probes were used to measure flow through the carotid 
bifurcation in 48 patients undergoing endarterectomy. Maximum single-diameter stenosis 
affecting the internal carotid artery (ICA) was determined by angiography. The 
significance of differences between means were determined by t tests and analysis of 
variance; linear and nonparametric correlation analyses were also applied to analyze the 
relation between stenosis and several flow-derived parameters. 
Results: Common carotid artery flow significantly increased (p = 0.0043) from a mean 
value of 264 - 99 ml/min to 314 -+ 98 ml/min, corresponding to an average percent 
increase of 34.3% -+ 71.3%. ICA flow increased from 128 --. 69 ml/min to 173 -+ 66 
ml/min (p < 0.0001), with an average percent increase of 74.9% --- 114.9%. External 
carotid artery (ECA) flow decreased from 129-  61 ml/min to 106-  49 ml/min 
(p = 0.0098), representing an average percent decrease of -5 .2%-  48.2%. The 
difference between ECA and ICA mean flow changes i highly significant (p < 0.001). The 
percent change in ECA flow did not correlate with preoperative stenosis. We noted, 
however, a positive correlation between stenosis and the ECA/ICA flow ratio before 
endarterectomy (Spearman r = 0.31,p = 0.032), indicating that more severe stenosis led 
to a greater distribution of blood into the ECA. The ECA/ICA flow ratio fell from an 
initial value (ECFbe0/ICFbef) of 1.52 + 1.74 before endarterectomy to 0.69 + 0.37 
(ECFa~ICFa~) after endarterectomy (p = 0.0006). 
Conclusions: The data are consistent, with the ECA being an important collateral path for 
cerebral perfusion when ICA stenosis exists. When endarterectomy relieves bifurcation 
stenosis, common carotid artery blood flow is redistributed preferentially tothe ICA at the 
expense of ECA flow, consistent with a change in the relative resistances of the two vessels 
resulting from operative reconstruction. (J VAsc SURG 1995;22:349-60.) 
Despite increasingly sophisticated methods for 
assessing blood flow and cerebral perfusion, much is 
still unknown regarding the direct effects of carotid 
bifurcation reconstruction on the cerebrovascular 
circulation. To extend our understanding of  carotid 
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bifurcation hemodynamics, we have assessed the 
immediate ffect of  endarterectomy on blood flow 
during operation via quantitative bulk flow measure- 
ments. Two reasons led us to this undertaking. First, 
measurements of flow before and after endarterec- 
tomy may demonstrate characteristic patterns reflect- 
ing the impact of the operation on cerebral blood 
flow and its relation to carotid artery stenosis. These 
relations are important given the complex collateral 
supply to the brain and the controversy that exists 
regarding the benefit of  operations such as 
extracranial-intracranial bypass and endarterectomy 
for asymptomatic stenosis. More knowledge about 
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the effects of relieving carotid artery stenosis might 
improve the determination of risks and benefits for 
procedures designed to improve cerebral circulation. 
Second, if predictable effects can be discerned in the 
pattern of carotid artery flow before and after 
reconstruction, then intraoperative measurements 
might be useful to assess the technical adequacy of 
individual procedures. 
The new method of transit ime ultrasound flow 
measurement uses perivascular probes applied to 
surgically exposed vessels to measure bulk blood flow 
(ml/min).l,2 It is based on the principle that the time 
required for a small burst of ultrasound waves to cross 
a vessel is influenced by blood flow velocity, with 
sound waves moving parallel to the direction of flow 
being accelerated, with a resultant decrease in transit 
time, and sound oriented against the direction of flow 
being retarded with a prolonged transit time. In 
addition to showing ood correspondence with flow 
measurements performed with other techniques, a,4 
transit ime measurements are relatively insensitive to 
moderate flow disturbances induced by stenosis,  
discrepancies between probe and vessel diameter, 
hemoglobin concentration, and deviations in the 
orientation of the probe to the vessel under study. 
Compared with electromagnetic flowmeter measure- 
ments, which are significantly more prone to errors 
from these factors 6 mad which are difficult to cali- 
brate, transit time ultrasound methods are an im- 
provement in the ability to measure blood flow 
accurately during vascular surgery. 
Previously we have used this method to study 
Javid shunt flow (Bard, Inc., Billerica, Mass.) 7 and 
the relation between stenosis and the effect of 
endarterectomy on internal carotid artery blood 
flow. 8 In this study we have extended our analysis to 
characterize the overall pattern of immediate flow 
changes induced by endarterectomy on common, 
external, and internal carotid arteries. 
PATIENTS AND METHODS 
Forty-two men who underwent 48 carotid bifur- 
cation reconstructions (six patients underwent staged 
bilateral procedures) consented to be studied with 
intraoperative transit ime ultrasonography in accor- 
dance with a protocol approved by the institutional 
review board. Each patient underwent preoperative 
biplane contrast horacic arch and four-vessel angi- 
ography with visualization of the entire carotid artery 
system to the circle of Willis. With the exception of 
five patients who had high-grade asymptomatic 
stenosis, in every case operation was performed for 
symptoms of small completed strokes, transient 
ischemic attacks, or monocular blindness attributable 
to stenosis or ulceration ear the bifurcation of the 
common carotid artery. 
A common operative technique was used by 
the surgeons participating in the study. General 
anesthetic, systemic administration of heparin (100 
units/kg), and Javid shunt placement were routinely 
used. After clamping the carotid artery branches, a
longitudinal arteriotomy was fashioned extending 
from the distal common carotid artery to the internal 
carotid artery beyond significant disease. Removal of 
the plaque in the common carotid artery, carotid 
bulb, and internal carotid artery was performed under 
direct vision of proximal and distal endpoints via the 
arteriotomy. Removal of atheroma originating in the 
external carotid artery was performed with the stan- 
dard technique of eversion endarterectomy. Gener- 
ally a smooth distal margin in the external carotid 
artery could be achieved by traction on this portion of 
the carotid artery plaque after its elevation from the 
outer media with a dissector in conjunction with 
gentle eversion of the external carotid artery. When 
necessary, the external carotid atheroma was sharply 
divided as distally as possible via the exposure af- 
forded by maximal eversion. The carotid arteriotomy 
was routinely closed without patch angioplasty. 
Transit time perivascular probes and a flowmeter 
were purchased from Transonic Systems (Ithica, 
N.Y.). Flow measurements were made before carotid 
artery clamping by applying probes to sites on the 
common, external, and internal carotid arteries kel- 
etonized for clamp or tourniquet application. Ten- 
millimeter-diameter 8 series probes were routinely 
used for measurements of common carotid artery 
flow, and 6 mm diameter S series probes were used 
for internal and external carotid artery measurements. 
The same probe was always used to record external 
and internal carotid artery flow during an operation, 
although several probes were used throughout the 
series. In a few cases an 8 mm probe was used because 
of variation in the diameter of an individual artery. 
Sterile ultrasound gel (Aquasonic 100; Parker Labo- 
ratories, Orange, N.J.) was used for acoustic ou- 
pling between vessel and probe. The site prepared for 
clamping and flow measurement of the external 
carotid artery was usually distal to the origin of the 
superior thyroid artery, so that its flow was not 
included in the external carotid artery measurement. 
(Repeated measurements of superior thyroid artery 
flow found it to be sufficiently low, 5 to 15 ml/min, 
that its share in total external flow could be ignored 
without introducing excessive rror in the overall 
analysis.) 
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After completion of endarterectomy and restora- 
tion of blood flow, repeat measurements were made 
by use of the same probes applied to the same sites. 
At least 5 minutes were allowed to elapse between 
reopening of the carotid artery system and post- 
endarterectomy flow measurements to allow resolu- 
tion of the transient hyperemic flow that results from 
temporary carotid artery occlusion. (Observation on 
flow after transient Javid shunt occlusion confirmed 
that this interval was adequate. 7) If transit time 
measurements after closure of the arteriotomy sug- 
gested compromise of flow such that revision was 
necessary, completion flow measurements were used 
in lieu of the intermediate ones. 
Each individual flow measurement entailed re- 
cording the flow versus time waveform generated by 
the flowmeter in a strip chart format. Initially an 
analog chart recorder (Interface 4600; Gould Elec- 
tronics, Valley View, Ohio) was used to record the 
waveform, but in the last 32 cases the waveforms 
were stored on a microcomputer disk connected to 
the flowmeter box via an RS232 link and a modem 
program supplied by the manufacturer. Both a 30 Hz 
and 0.1 Hz output were routinely recorded for 1 
minute to ensure representative traces. The flow value 
for each recording was determined by graphic 
analysis of the 0.1 Hz filtered trace by use of the peak 
value in the trace at the top of any respiratory 
variation present (Fig. 1). The calculated value was 
rounded to the nearest 5 ml/min. 
Probes were periodically checked for accuracy 
with a water flow circuit through ultrasound trans- 
parent dialysis tubing to ensure that the probes 
maintained a linear response in the flow ranges 
encountered with acceptably low bias (approximately 
11% overall.8). 
Throughout this report we refer to carotid artery 
stenosis as defined by North American Symptomatic 
Carotid Endarterectomy Trial criteria. 9 The least 
diameter' in the flow path (X) connecting the 
common to internal carotid artery is determined with 
calipers and compared with the diameter of the 
internal carotid artery distal to disease or aneurysmal 
dilation (Y). The resulting measurement of maxi- 
mum single diameter stenosis, 100(1 - X/Y), spe- 
cifically describes the worst stenosis affecting flow 
into the internal carotid artery independent of 
associated narrowing affecting the external carotid 
artery orifice. 
The percentage change in blood flow for the 
common carotid artery (%DCCF) after endarter- 
ectomy 'was calculated from the initial blood flow 
measured before endarterectomy (CCFb~f) and the 
final flow measured after endarterectomy (CCFaft) 
as %DCCF = 100 (CCFaf t -CCFbef)/CCFbe f. In 
a similar manner the percent change in inter- 
nal carotid artery flow, %DICF, was calculated 
as %DICF = 100(ICFaf t - ICFb¢f)/ICFbef; and 
the percent change in external carotid ar- 
tery flow was calculated as %DECF = 
I00(ECF~f~ - EeFbcf)/gCFbe f. The aggregate 
change in the flow for a given artery achieved by 
endarterectomy in all 48 cases was calculated from 
the mean change in blood flow measured in ml/min. 
For example, the aggregate %DCCF is calculated 
as 
n n 
[ E CCFaf t i -  E CCFbe~] 




i -1  
In contrast, average percentage change in flow for 
a given artery was determined by averaging each 
individual percentagc change. For example, average 
%DCCF is 
n [CCFafti - CCFb~fi] 
100 x (1/n).~] 
I=  1 CCFbef i  
Calculation of the ratio of external to inter- 
nal blood flow before and after endarterectomy 
was based on the ratios of ECFbJICFbc f and 
ECFaJICFaft. 
Statistical analyses including analysis of vari- 
ance (ANOVA; Tukey-Kramer multiple compari- 
sons testing) was performed with a microcomputer 
program, GraphPad InStat, v2.04a (GraphPad Soft- 
ware, San Diego, Calif.). Standard eviations are 
reported when possible. 
RESULTS 
A typical flow recording from an external carotid 
artery captured via the flowmeter's computer inter- 
face and printed out is shown in Fig. 1. Several 
features are noteworthy. First, by switching between 
a 30 Hz and a 0.1 Hz filter on theflowmeter, either 
the instantaneous flow versus time waveform (left) or 
the average flow value (right) is displayed. In this 
patient respiratory variation is present. The arrom 
marks the peak respiratory flow value that we 
arbitrarily use to simplify comparisons of measure- 
ments taken at different imes or from different 
patients. Some respiratory variation in the average 
flow value was observed in most cases but was usually 
less pronounced. The dots above and below the trace 
represent calibrated flows of 0 ml/min (bottom row) 
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Fig. 1. Flow recording of external carotid artery. Instantaneous waveform (30 Hz filter) is 
shown to left and average flow output (0.1 Hz filter) to right. Arrow marks peak respiratory 
excursion flow value that would be used to represent flow. Row @dots represent calibrated flow 
values, with 1 second elapsing between dots. 
and 250 ml/min (top row). One second elapses 
between each calibration dot, The software recon- 
structing the flow traces can be set to print the 
waveforms with different amplitudes and frequen- 
cies, but the internal calibrations are maintained in
the graphic printout. 
A representative set of flow recordings i shown 
for a patient who had a 74% maximum single 
diameter stenosis of the left common carotid artery 
and recurrent ransient ischemic attacks (Fig. 2). 
Both the instantaneous waveforms and the average 
flow traces are displayed for each artery before and 
after endarterectomy, and the average flow value is 
placed next to the trace. In this case the common 
carotid artery flow increased from 230 to 280 
ml/min, representing an increase of flow after end- 
arterectomy of 21.7%. Similar calculations show that 
external flow decreased 35% and internal flow 
increased 72.7%. A morphologic feature noted in the 
flow waveforms is the greater proportion of flow 
evident during diastole in the internal carotid artery 
compared with the external carotid artery. The 
proportion of flow during systole is higher in the 
external carotid artery, and diastolic flow is lower 
compared with the internal carotid artery. This 
pattern was seen in virtually all cases. The common 
carotid artery waveform generally showed an inter- 
mediate pattern between the internal and external 
waveforms in relation to the distribution of flow 
between systole and diastole. 
In the recordings hown in Fig. 2, there is 
agreement between common carotid artery flow and 
the sum of external and internal carotid artery flows. 
Before endarterectomy the sum of external and 
internal flow was 210 ml/min compared with 230 
ml/min for the common carotid artery. In contrast, 
after endarterectomy thesum of the main branches i  
255 ml/min compared with 280 for the common 
carotid artery. Although not exactly concordant, the 
agreement between these values is typical of the 
divergence in measurements that results when two 
different probes (10 mm for the common and 6 mm 
for the branches) are used because of imperfec- 
tions in probe calibration and inherent imprecision 
under clinical conditions. To a small degree it also 
reflects the exclusion of the superior thyroid ar- 
tery from the external carotid artery flow mea- 
surement. 
Table I summarizes the flow data found for the 
entire group of patients. The mean flows found in the 
common, external, and internal carotid arteries be- 
fore and after endarterectomy for the entire group are 
shown (Table I). In addition, the percentage change 
has been calculated as described in the Methods 
section. The aggregate percent change (based on 
comparing mean flows in an artery before and after 
surgery) for the common carotid artery was 18.9%. 
In contrast, he average percent change in common 
carotid artery flow (based on determining the percent 
change in flow for each artery in each case and then 
deriving the mean) is 34.1%. The discrepancy 
between the results derived from the two methods for 
calculating the mean percent change in flow is 
consistent with the variation in absolute magnitude 
of total carotid artery flow among patients. With the 
internal carotid artery, mean flow increased 45 
ml/min after endarterectomy, representing anaggre- 
gate percentage increase of 35.1% versus an average 
percent increase of 74.9%. In the external carotid 
artery, flow was observed to decrease. The decrease 
was - 17.8% calculated by the aggregate method and 
- 5.2% by the alternative average method. 
Comparing the flow values for the common 
carotid artery before and after reconstruction by 
either paired t test (two-tailed test,p = 0.0043) or by 
ANOVA (p < 0.05) showed the increase in flow to 
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Fig. 2. Flow before and after endarterectomy. Traces are from common, external, and internal 
carotid arteries before and after endarterectomy. Average flow value is indicated above ach 0.1 
Hz trace. Note that diastolic flows are higher in internal carotid artery compared with external 
carotid artery. 
Table I. Summary of flow values for the carotid artery system before and after endarterectomy 
Common carotid External carotid Internal carotid 
artery artery artery 
Before 264 _+ 99 ml/min 129 -+ 61 ml/min 128 -+ 69 ml/min 
After 314 _+ 98 ml/min 106 _+ 49 ml/min 173 -+ 66 ml/min 
Aggregate % change 18.95% - 17.8% 35.1% 
Average % change 34.3% + 71.3% -5 .1% -+ 48.2% 74.9% -+ 114.9% 
be statistically significant. Similarly, comparing the 
flow measurements for the internal carotid artery 
before and after endarterectomy showed the increase 
to be significant (two-tailed paired t test, p < 
0.0001; ,~OVAp < 0.05). The difference between 
the external carotid artery flows before and after 
endarterectomy was also different by paired t testing 
(two-tailed paired t test, p = 0.0098) but not by 
ANOVA. The difference between %DICF and 
%DECF was highly significant by both statistical 
methods (t test, p < 0.0001; ANOVA, p < 0.05). 
This change in flow pattern was observed repeat- 
edly, but not invariably. Common carotid artery flow 
increases moderately after endarterectomy, internal 
carotid artery flow tends to increase more, and 
external flow falls more often than it rises. The 
changes in internal carotid artery versus external 
carotid artery flow are compared in Fig. 3. Each point 
in the plot represents the percent increase in both 
external and internal carotid artery flow for an 
individual case. The preponderance of points lie in 
the quadrant in which internal flow increases and 
external flow decreases, demonstrating that this was 
in fact the most common pattern observed. Overall, 
external flow increased in 17 cases (35.4%), de- 
creased in 30 (62.5%), and did not change in 1 case 
(2.1%). In contrast, internal flow increased in 39 
cases (81.3%), decreased in eight (16.7%), and did 
not change in one (2.1%). The combination of 
increased internal flow and decreased external flow 
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Fig. 3. %DECF versus %DICF. Each point represents 
paired value for these parameters from individual case. 
Note differing scales. Most points are clustered in left upper 
quadrant, which represents positive value for %DICF and 
negative value for %DECF. 
was present in 26 of 48 cases (54.1%); increased flow 
in both was present in 13 cases (27.1%); and 
decreased flow was present in both in 4 cases (8.3%). 
We were interested in correlating the change in 
external carotid artery flow with the degree of 
angiographic stenosis, because a previous analysis of 
internal carotid artery flows by use of transit time 
ultrasonography had shown a strong correlation 
between preoperative stenosis and the percentage 
increase in internal carotid artery flow after endar- 
terectomy. 8 Overall, the average maximum single- 
diameter stenosis was 49.2% _+ 22.0%, with a me- 
dian value of 53%. The results of linear regression 
analysis of maximum single-diameter stenosis and 
percentage change in external carotid artery blood 
flow (%DECF) are shown in Fig. 4. Although the 
line with the best fit to the data has a slope, r, equal 
to -0.128, r is not significantly different from 0 
(p = 0.39), indicating that the relationship between 
these two parameters i not statistically significant. 
Nonparametric statistical analysis also fails to show 
significance (Spearman rank correlation, r=  
-0.156, p = 0.289). Similarly, when the %DECF 
of the patients with greater than 50% stenosis was 
compared to those with less, the difference was not 
significantly different (p = 0.615). 
Although the percentage change in external 
carotid artery flow did not significantly correlate with 
stenosis, the proportion of flow found in the external 
versus the internal carotid artery could vary with 
stenosis. Conceptually, flow from the common 
carotid artery divides into two main branches at the 
carotid bulb flow divider with common carotid artery 
flow = Internal carotid artery flow + External ca- 
rotid artery flow (CCF = ICF + ECF). The ratio of 
external to internal flow (ECFflCF) is an expression 
of this distribution. It seems likely that as stenosis 
impeding flow into the internal carotid artery wors- 
ens, a greater percentage of flow will be diverted into 
the external carotid artery. To test this hypothesis we 
calculated the external to internal flow ratio before 
(ECFbef / ICFbef )  and after (ECF,f~flCFaf~) endarter- 
ectomy. A ratio of 1.0 corresponds to equal flows in 
each artery, values greater than one correspond to 
more flow into the external than internal carotid 
artery, and values below 1.0 indicate more flow in the 
internal than the external carotid artery. The higher 
the ratio, the more common carotid artery flow is 
distributed to the external carotid artery. As shown in 
Fig. 5 a significant positive relationship is found 
between ECFBef/ICFBef and stenosis uch that the 
more the stenosis, the higher the ratio. The slope of 
the line for the linear correlation, r, is 0.257, and 
p = 0.078, which is marginally significant. The r 
value for the second order curvilinear correlation is 
0.306 (not shown in the figure). Nonparametric 
analysis hows the relation to be significant (Spear- 
man rank correlation r = 0.310, p = 0.032), al- 
though more likely to be curvilinear than linear, and 
supports the hypothesis that as stenosis affecting the 
internal carotid artery increases, a greater proportion 
of common carotid artery flow is directed into the 
external carotid artery. The y axis intercept for the 
linear correlation line is 0.54, suggesting that a value 
close to this might represent the "normal" ratio of 
external to internal flow in the absence of stenosis. 
A more conclusive demonstration f the effect of 
endarterectomy on the division of blood flow be- 
tween the external and internal carotid arteries results 
from comparing the ECF/ICF ratios before and after 
reconstruction. A change in the ECFflCF ratio 
resulting from operation would reflect a redistribu- 
tion in the balance of flow at the carotid bulb flow 
divider. The ECFbef/ICFbef ratio is 1.52 + 1.74 
compared to the ECF~tflCFaf ~ratio of 0.69 + 0.37. 
This marked ecrease in the ratio is highly significant 
(two-tailed paired t test, p = 0.0006) and represents 
a redistribution of common carotid artery flow as a 
result of endarterectomy. On the basis of the mean 
value for the initial ratio, approximately 60% of flow 
from the common carotid artery streams into the 
external carotid artery before operation in the average 
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Fig. 5. Correlation plot of ECFbeJICFbe f and percent maximum single diameter stenosis. 
ECFbJJICFbe r = 0.0201(percent stenosis) + 0.538 defines line with best fit to data points 
(r = 0.257,p = 0.0780). 
patient with carotid bifurcation stenosis. In contrast, 
approximately 40% of common carotid artery flow is 
distributed to the external carotid artery after endar- 
terectomy if0.69 is taken as the normal value, or 35% 
if the y-intercept value of  0.54 from Fig. 5 is 
substituted. This result suggests that on the average 
about 20% to 25% of total common carotid artery 
flow is redistributed from the external into the 
internal carotid artery after endarterectomy. 
In four patients the flow measurements after 
completing the endarterectomy indicated that high- 
grade stenosis or obstruction was still present at the 
carotid bifurcation. One of these was due to a kink at 
the end of  the arteriotomy causing a significant 
decrease in internal f low-  this was corrected by more 
extensive dissection of the internal carotid artery 
from its investing fascia to allow the kink to 
straighten. In three cases the external carotid artery 
had an intimal flap near the origin causing complete 
or near-complete occlusion. In these cases the exter- 
nal carotid artery was clamped without interference 
with internal flow, and the intimal flap corrected. 
Subsequent flow measurements showed satisfactory 
correction of the problem in the three cases. 
DISCUSSION 
Several features characterize the overall pattern of 
changed blood flow within the carotid bifurcation 
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resulting from standard endarterectomy. First, the 
proportionate change in total flow has the greatest 
positive increase in the internal carotid artery whereas 
flow in the external carotid artery is more likely to 
decrease than increase. Although overall common 
carotid artery flow increases, this increase isgenerally 
less than that of the internal carotid artery, because 
increased internal flow results from both overall 
increased common carotid artery flow and propor- 
tional redistribution of common carotid artery flow. 
Second, morphologic differences in the flow 
waveforms of the common, internal, and external 
carotid arteries were apparent. A greater proportion 
of flow during diastole with a less prominent systolic 
component in the flow waveform is observed in the 
internal carotid artery waveform compared with the 
other two arteries. The external carotid artery wave- 
form shows the highest proportion of flow during 
systole, and the common carotid artery waveform is 
intermediate. These morphologic aspects of the flow 
waveform are not surprising, given the different flow 
velocity profiles found in the external and internal 
carotid arteries by duplex ultrasonography, I°'11 and 
probably both phenomena are induced by the differ- 
ent resistances found in the runoff beds for each 
artery, high in the case of the external and low in the 
case of the internal carotid artery. 
In a previous tudy we found a significant positive 
curvilinear elation between the North American 
Symptomatic Carotid Endarterectomy-type m a- 
surement of stenosis affecting flow into the internal 
carotid artery and the change (%DICF) in internal 
flow achieved by endarterectomy in 64 patients. In 
this report stenosis averaged 49%, the aggregate 
percentage increase in ICF was approximately 35%, 
and the average percentage increase was 75 %. Such 
increases in arterial flow affected by stenosis are 
higher than predicted by bench model theory. 
Theory would predict hat such large improvements 
should only be seen with more severe stenoses of 75% 
or greater. The discrepancy between theory and our 
data requires ome explanation, otherwise the valid- 
ity of our observations i  cast in doubt. We believe 
that when several factors are properly considered, 
much of the apparent discrepancy is reconciled. 
First, it should be appreciated that angiographic 
measurements tend to routinely underestimate he 
true magnitude ofatherosclerotic lesions as a result of 
deviations in the angle of the photon beam from the 
optimal angle for demonstrating least diameters in 
stenoses. In addition, photon beam divergence and 
eccentricity in plaque structure lead to angiographic 
underestimation f stenosis) 2 Second, bench theory 
may not properly account for the actual hemody- 
namic effects of irregular stenoses at flow dividers, 
and the actual impact of typical carotid artery 
bifurcation disease on flow may be greater than 
predicted by simple bench models. In the absence of 
reliable clinical measurement of flows and pressures 
during carotid artery surgery, it is conceivable that 
the typical eccentric arotid artery stenosis has a 
greater impact than defined by its least diameter. 
Third, NASCET-style measurements of carotid ar- 
tery stenosis tend to lead to systematically ower 
values for stenosis than the European method, in 
which the least diameter affecting internal flow is 
compared to the maximum bulb diameter) 3 Which 
stenosis measurement system more accurately pre- 
dicts the impact of carotid surgery on flow is 
unknown. Fourth, there may possibly have been 
some systemic error in our angiogram easurements, 
leading us to undermeasure stenosis. This possibility 
is supported by the relative dearth of high-grade 
stenoses (>80%) observed in our patient group 
compared with other series. 9,13,14 Last, it is conceiv- 
able that our measurement technique led to an 
overestimation f the improvement offlow as a result 
of some bias in the flowmeter system. All of these 
factors acting independently or in concert may have 
led to the evident relation between stenosis and 
%DICF observed and would act to magnify the 
observed impact of correcting stenosis compared to 
theoretical predictions. 
When we performed correlation analysis of the 
relation between stenosis affecting flow into the 
internal carotid artery and the effect of endarterec- 
tomy on changes in external carotid artery blood 
flow, a quite different result was seen. Essentially 
there was no correlation between stenosis and 
changes in external f ow. This result is not surprising 
in light of basic circuit modeling, where it can be 
inferred that relief of stenosis affecting one branch at 
a flow division should not necessarily ead to great 
changes in the other branch, particularly if resistance 
in the less diseased branch does not change. We 
reviewed our angiograms looking for isolated lesions 
causing significant (> 50%) stenosis into the origin 
of the external carotid artery in the absence of 
comparable l sions affecting flow into the internal 
carotid artery. Such lesions are rare- it  was not 
observed in any of the patients in this series. Their 
angiograms usually showed stenosis affecting the 
origin of the external carotid artery that was compa- 
rable to or less severe than the stenosis affecting the 
internal branch. This angiographic pattern and basic 
theory both suggest that the relation between steno- 
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sis and %DECF should differ from the relation 
between stenosis and %DICF. 
Carotid artery stenosis affecting resistance at the 
origin of the internal carotid artery is only one factor 
in a complex system. Many other factors may be 
present that act to confound our flow measurements 
and their interpretation. Vagaries in the influence of 
anesthesia on the cardiovascular system, trends in 
blood pressure, and differences in anatomy and 
resistance to flow in the circle of Willis and 
extracranial-intracranial collateral vessels all should 
influence flows in ways independent of the exact 
magnitude of stenosis relieved. An important pos- 
sible confounding factor that may cause diminution 
of external carotid artery flow is that endarterectomy 
can cause unsuspected stenosis of the external carotid 
artery. Such an effect could account for some part of 
the observed flow change in the external carotid 
artery. The frequency with which standard endarter- 
ectomy surgery actually increases external carotid 
resistance is unknown but may be as high as 10% to 
20% on the basis of intraoperative angioscopy and 
angiography study results) ~ 
We noted a significant positive correlation be- 
tween preoperative stenosis and the proportion of 
flow distributed between internal and external ca- 
rotid arteries. With worsening initial stenosis affect- 
ing the internal carotid artery, a higher percentage of
initial common carotid artery flow was directed to the 
external carotid artery; correction of the stenosis 
resulted in a falling ECF/ICF ratio. The relative 
resistances to flow offered at the carotid bifurcation 
control 'the proportionate division of flow, because 
the underlying physiologic determinants controlling 
the distribution of flow between two branches of a 
major artery are their relative resistances. In the 
extracranial carotid artery system, the external carotid 
artery is a potential pathway for blood into the 
cerebral circulation. 16 Although direct inferences 
from our data regarding the fate of blood passing into 
the external carotid artery are speculative, it is 
possible and consistent with our data that, with 
abnormally high resistance in the internal carotid 
artery, an increasing percentage of external flow is 
diverted through collateral paths into the bed nor- 
mally supplied by internal flow. Relief of the stenosis 
causes a return of the relative resistances toward 
normal levels and a concomitant redistribution of 
common carotid artery blood back into the internal 
carotid artery that may otherwise have flowed 
through the external carotid artery into intracranial 
beds. 
Our findings strengthen the rationale for opera- 
don on a stenosis of the external carotid artery in the 
presence of ipsilateral internal carotid artery occlu- 
sion. Finding that with increasing stenosis the EC/IC 
ratio increases, and that after endarterectomy it 
returns toward ostensibly normal levels, suggests that 
with complete internal occlusion a high fraction of 
external flow may enter the cerebral circulation. On 
the basis of the speculative but plausible assumption 
that all the external f ow above the "normal" 35% to 
40% fraction of common carotid artery flow is 
destined for cerebral perfusion, if external carotid 
artery flow is 150 ml/min in the presence of internal 
occlusion (reasonably based on the data in Table I), 
then at least 60% of this (average 90 ml/min) should 
be channeled via the external carotid artery into the 
cerebrum. This model of how extracranial carotid 
artery flow is distributed is supported in part by a 
recent observation that compression of the cervical 
portion of the external carotid artery in some patients 
with ipsilateral internal carotid artery occlusion 
causes ignificant decreases in middle cerebral artery 
flow velocities measured by Doppler ultrasonogra- 
phy.17 The potential magnitude of this flow supports 
revascularization f the external carotid artery when 
it is stenosed or obstructed at its origin (and the 
ipsilateral internal carotid artery is occluded) and is 
consistent with the good results found with such 
procedures in appropriately selected patients, is
The detection of abnormally low flow in four 
cases leading to operative revision in this series 
deserves comment. In general we find the transit ime 
instrumentation easy to use and reliable. It is 
particularly helpful when the equipment is used to 
view the instantaneous flow waveform via a com- 
puter monitor or chart recorder, because aberrations 
in the waveform structure may indicate that technical 
problems are interfering with the measurement, is 
The three of 48 patients (6%) in whom external 
carotid artery occlusions from intimal flaps were 
detected support he strategy of routinely assessing 
flow at the conclusion ofendartcrectomy, particularly 
in light of the potential benefit of external carotid 
artery patency if internal carotid artery stenosis 
recurs. 
Transit time ultrasonography lacks the capability 
to detect intimal flaps or other technical defects when 
flow is unimpeded. Our experience does not indicate 
that the technology is a comparable substitute for 
duplex ultrasonography or angiography in routine 
assessment of carotid artery surgery. A prospective 
trial comparing techniques i required to optimally 
investigate the cfinical utility of this new technology. 
The consistent patterns demonstrated in the carotid 
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endarterectomy blood flow waveforms and measure- 
ments do suggest, however,  that transit t ime ultra- 
sonography may be useful as an adjunct method for 
evaluating technical results after vascular econstruc- 
tions such as carotid endarterectomy. 
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DISCUSSION 
Dr. Roy L. Tawes, Jr. (Burlingame, Calif.). The 
authors have conducted a well controlled study with good 
statistical analysis of blood flow changes associated with 
carotid endarterectomy (CEA). They present reasonably 
good scientific documentation with a new technology- 
transit time ultrasonography-to explain a "common 
sense" phenomena: redistribution of blood flow (Q) after 
operative correction (CEA) of an internal carotid artery 
(ICA) stenosis. 
Essentially, their findings show a 20% to 25% diver- 
sion of common carotid artery (CCA) blood flow as a result 
ICA obstruction (stenosis) through the external carotid 
artery (ECA) collateral pathway. It is noteworthy that after 
CEA this same average proportion (20% to 25%) is 
redistributed to the ICA over and beyond the increment of 
increase of flow through the CCA. This redistribution is 
accompanied also by changes in the waveforms, particularly 
in diastole. This was not a linear correlation, however. 
Complicated mathematical formulas were used in the 
analysis of flow redistribution. At the risk of oversimplifi- 
cation, consider the basic formula of flow dynamics: 
AQ = 21P/AR. Blood flow (Q) is directly proportional to 
the pressure (P) and inversely related to resistance (R). In 
this study most of the observations can be explained simply 
by changes in R. Basically, blood flows through the path of 
least resistance. 
Two observations were made that do not fit this theory. 
(1) After CEA, ICA flow decreased in eight patients, the 
opposite of what one would expect. Why? (2) After CEA, 
ECA flow increased in 17 cases, seemingly a contradiction 
in redistribution, but probably related to an overall increase 
in CCA flow. Because there was no statistical correlation 
between the degree of carotid artery stenosis in your study 
and redistribution of flow, several questions arise: Are 
some of these "unexpected" observations artifact? Does 
vasospasm ortiming of transit ime ultrasound analysis play 
a role? Were there technical problems, such as intimal flaps 
to account for these observations? For example, I expect 
CEA to increase ICA flow in all cases, and would be 
concerned if it did not. Does transit ime ultrasonography 
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have a practical clinical application, or is it just an 
investigative tool? Is it more reliable than electromagnetic 
flow meters? In detecting technical imperfection, is it better 
than intraoperative Doppler assessment, duplex ultra- 
sonography, or angiography? 
Dr. Ian L. Gordon. Dr. Tawes has raised several 
questions that are the same questions we have had about 
our data. 
First, you asked whether some of these unexplained 
observat]ions are artifact. We did not use contrast angiog- 
raphy, so we can't apply the gold standard in answering that 
question. However, in our finding that external flow 
decreased, we are fairly confident that we properly handled 
the endarterectomy. In a few cases where we encountered 
intimal flaps at the external origin requiring revision, we 
used flow measurements obtained after revising the ECA. 
So we believe we are not creating more stenoses than we are 
fixing. 
Another factor that gives us some confidence about his 
issue is the flow waveforms. They have information about 
resistance, and we've learned from experience with bench 
models of stenoses how to interpret the flow waveforms to 
identify severe stenosis, which we did not see in the 
postendarterectomy waveforms. 
The fact that ICA flow does decrease in a handful of 
patients is disturbing. We aren't happy when we observe 
this. No patient who had a demonstrated fall had a 
neurologic event. We should appreciate hat some patients 
undergo operation ot for high-grade stenosis but rather 
for ulceration. One would not expect an operation to have 
a significant impact on flow in that setting. In addition, 
general anesthesia has an effect on cerebral resistance or 
vascular smooth muscle tone. This effect and cardiac output 
and other cardiovascular parameters are varying in an 
uncontrolled manner during operation. As a consequence 
it is not surprising that in some cases ICA flow fell. 
Is transit ime ultrasonography going to be a practical 
technique in the operating room? In lower extremity 
arterial reconstructions, I find it very helpful, and when I 
have any technical problem, I bring out the flow meter and 
use it to assess the situation. It's much better than a 
hand-held Doppler scanner for in situ vein bypass. It's 
much more reliable in determining whether flow is 
adequate or for detecting fistulas. 
Transit time ultrasonography does not have the ability 
to detect echnical problems that do not limit flow that 
contrast angiography has. I don't have the experience to 
compare it with duplex ultrasonography in the operating 
room. Compared with electromagnetic flow meters, it is 
much more reliable in terms of calibration, reliability, and 
ease of use. In the animal physiology world, transit ime 
flowmeters have essentially replaced electromagnetic flow- 
meters fi~r animal blood flow measurements. 
Dr. Robert  B. Rutherford (Denver, Colo.). I share 
Roy Tawes' feelings about this being sort of a "common 
sense phenomenon"; that is, if you relieve a significant 
stenosis you should increase flow. Therefore we all expect 
the results that you have shown us. I also share his concerns 
about the effects of flow on changes in pressure and 
resistance. In that regard I'd like to ask a couple questions 
about your methods. 
First, during the operation, did you monitor and 
attempt o control for important variables uch as blood 
pressure and arterial Pco 2 to assure comparability of flow 
measurements before and after endarterectomy? 
Were all your cases hunted, and how long did you have 
to wait after restoration of flow for stabilization to avoid 
the artifact of postocclusion reactive hyperemia? 
Dr. Gordon. First, we did not control for arterial Pco  2. 
It would be helpful because PCO 2 clearly has an effect on 
cerebral blood flow, and our data would be better if that 
was factored in. We did correlate our flow measurements 
with blood pressure and pulse rate and found that 
normalizing for those factors really didn't influence the data 
interpretation. All of our patients underwent shunting with 
a Javid shunt, and we have studied flows in the Javid shunt 
compared with ICA flows. From those studies we have 
several conclusions. After opening a Javid shunt during 
endarterectomy, there's immediate hyperemic flow that 
persists for 2 to 5 minutes, and the flow in the Iavid shunt 
quickly falls to a stable baseline. This implies that the 
hyperemic response is relatively short. Later, if you 
temporarily occlude a Javid shunt, there is an immediate 
hyperemic response that stabilizes back to the baseline in 
about 30 seconds. 
So the hyperemic response in the ICA is relatively 
short-lived. The timing of our measurements was such that 
after completing the endarterectomy and restoring blood 
flow, we would walt at least 5 minutes, hoping that that 
would be sufficient to allow any hyperemic effect o resolve. 
Dr. John Thomas Mehigan (Palo Alto, Calif.). 
Intraoperative completion surveillance studies by arteriog- 
raphy, duplex scanning, or, in our own case, angioscopy, 
show a surprisingly high incidence of significant residual 
ECA lesions, perhaps greater than 50%. 
Could not the results and conclusions of your very 
interesting study be simply explained by residual significant 
defects left behind in the ECA and not "redistribution"? 
Dr. Gordon. We do not have the data to rule out that 
possibility. We acknowledge that as a legitimate alternative 
explanation for our data. It would require careful contrast 
angiography before and after the endarterectomy to rule 
out the possibility. Our hope is that perhaps with better 
mathematical interpretations of our ECA waveforms, we 
could use those data to show that, no, we're not creating 
stenosis, but it certainly is a possibifity. The observed 
correlations between preoperative stenosis and redistribu- 
tion of flow suggest, however, that external stenosis created 
by operation is not the major factor. 
Dr. Christopher K. Zarins (Stanford, Calif.). It 
looked as if perhaps 25% or 30% of the patients had no 
change in ICA blood flow. Do you have an explanation for 
this? Could you give us some information on other 
characteristics that may be important? For instance, what 
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was happening in the circle of Willis? What was happening 
in the opposite carotid or vertebral arteries in terms of the 
distal resistance? 
Clinically we know that the degree of stenosis per se 
isn't a good predictor of whether a patient will need to" 
undergo shunting. I think we need to know more about 
what the other vessels in the circulation and the circle of 
Willis are doing. 
Dr. Gordon. The data for the ICA have been presented 
in another forum, but the average increase in flow is either 
35% or 75% depending on which of the two analysis 
techniques we use, and the percentage increase in the ICA 
flow is dramatically influenced by the degree of stenosis. 
Patients with greater than 70% stenosis have an average 
increase of 150% in their ICA flow after endarterectomy. 
In terms of the impact of the collateral vessels at the 
circle of Willis and contralateral disease and stump pres- 
sures, we haven't been able to incorporate those data into 
our current studies, but we believe that clearly would be the 
appropriate direction for future work. 
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